Three-way stabilization of the covalent intermediate in amylomaltase, an alpha-amylase-like transglycosylase Barends, Thomas R. M.; Bultema, Jelle B.; Kaper, Thijs; van der Maarel, Marc J. E. C.; Dijkhuizen, Lubbert; Dijkstra, Bauke W. Take-down policy If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and investigate your claim.
Amylomaltases are 4-␣-glucanotransferase enzymes (1) (2) (3) (4) that are structurally and mechanistically related to ␣-amylases (family 13 of the glycoside hydrolases or GH13) (5-7) despite their classification in a separate glycoside hydrolase family (glycoside hydrolase family 77). However, amylomaltases almost exclusively catalyze transglycosylation reactions, whereas ␣-amylase-like enzymes mostly catalyze hydrolysis. As a result, the amylomaltases perform so-called disproportionation reactions, the net effect of which is that two amylose chains of certain lengths react in such a way that one of the chains (the "donor") becomes shorter and the other one (the "acceptor") longer as shown in Reaction 1.
Instead of using two different sugar chains for this reaction, the enzyme can also take the non-reducing end of the donor substrate as the acceptor substrate, which results in the formation of a cyclic glucan product of at least 16 glucose units (8 -11) . These properties, amylose disproportionation and the synthesis of large cyclic glucans, make these enzymes interesting biocatalysts for the synthesis of valuable fine chemicals and pharmaceutically important materials (12) (13) (14) .
Over the years, several incisive studies have contributed to our current understanding of catalysis by ␣-amylase-type enzymes. Importantly, a structure of a covalent reaction intermediate, obtained by Uitdehaag et al. (15) , provided a detailed look into the active site, showing among other things how the (mutated) acid/base catalyst is poised to activate a water molecule for attack on the C 1 carbon atom. Since then, two other examples of covalent glycosyl enzyme intermediate structures of ␣-amylase-type enzymes have been published (16, 17) . These structures provided insight into the hydrolysis mechanism, i.e. in the way in which a covalent intermediate is attacked by a water molecule. Three conserved carboxylic acid residues play a central role in the catalytic mechanism (15, 18 -20) . The first carboxylic acid residue acts as an acid/base catalyst that protonates the oxygen atom of the scissile glycosidic bond. Simultaneously, the C 1 carbon atom is attacked by the second carboxylate, the nucleophile, which results in the formation of a covalent glycosyl enzyme intermediate through a planar, oxocarbenium ion-like transition state. This covalent intermediate can be broken down through nucleophilic attack on the C 1 carbon atom of the sugar, either by a water molecule, resulting in hydrolysis, or by a hydroxyl group of another sugar molecule, the glycosyl acceptor, resulting in the formation of a new glycosidic bond. The third carboxylate binds the sugar in the Ϫ1 subsite (for nomenclature of sugar binding subsites see Ref.
(21)), distorting it toward a partially planar conformation in the Michaelis complex and contributing to the stabilization of the transition state, all through hydrogen bonds to the 2-and 3-hydroxyl groups. However, so far no direct evidence has been obtained for how the covalent intermediate is attacked by another sugar, but amylomaltases seem ideal for studying this, given their low hydrolysis activity.
The first amylomaltase structures to become available were of the enzyme from Thermus aquaticus, both uncomplexed and in a complex with two molecules of the pseudo-tetrasaccharide inhibitor acarbose (11, 22, 23) . The structures showed the expected (␤/␣) 8 -barrel fold and active site build-up of an ␣-am-* This work was supported by European Union 5FP CEGLYC Project (Contract QLK3-CT-2001-00149). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ylase-type enzyme. However, in the acarbose complex two of the catalytic residues, the catalytic nucleophile Asp-293 and the acid/base catalyst Glu-340, were found to point away from the site of cleavage of the glycosidic bond of the substrate, i.e. to have incompetent orientations for catalysis. This was tentatively attributed to the high pH of the soaking experiment (pH 9.0), which was deemed necessary to avoid enzymatic hydrolysis of the inhibitor (22) . The third carboxylate, the transition state stabilizer Asp-395, did bind the 2-and 3-OH groups of the inhibitor in the Ϫ1 subsite as expected.
Here we report the structure of the amylomaltase from Thermus thermophilus close to the optimum pH, along with a covalent reaction intermediate obtained in a native active site (i.e. without any mutations), also close to the optimum pH, as well as a complex of this covalent intermediate with the acceptor analogue 4-deoxyglucose. Because the Th. thermophilus and Th. aquaticus enzymes differ only in one amino acid, on a surface site remote from the active site (glutamine 27 in the Th. thermophilus enzyme is an arginine in the Th. aquaticus protein), our results can be readily combined with the acarbose complex structure reported previously by Przylas et al. (22, 23) , yielding a step-by-step flip book movie of the entire catalytic 
MATERIALS AND METHODS
Protein Preparation-His-tagged Th. thermophilus amylomaltase was purified by heat incubation and nickel-nitrilotriacetic acid affinity chromatography from Escherichia coli BL21(DE-3) cells containing the pCCBmalq plasmid as described elsewhere (24) . The protein was concentrated by ultrafiltration to an A 280 1 cm of 22 corresponding to ϳ10 mg/ml and stored at 4°C.
Crystal Preparation-Removal of the polyhistidine tag proved vital in obtaining high quality amylomaltase crystals. To cleave off the polyhistidine tag, 20 units of bovine thrombin (ICN) dissolved in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 1.4 mM NaH 2 PO 4 , 4.3 mM Na 2 HPO 4 , pH adjusted to 7.4 with HCl) with 4 mM ␤-mercaptoethanol and 4 mM cal- cium chloride were added to 100 l of 10 mg/ml His-tagged amylomaltase in 10 mM HEPES/NaOH, pH 7.5 or phosphatebuffered saline, and the reaction was allowed to proceed at room temperature for 24 h. Subsequently, thrombin was inactivated by incubation for 10 min in a water bath at 75°C, which was followed by centrifugation in an Eppendorf centrifuge at maximum speed for 30 min at 4°C and dialysis against 10 mM MES 3 /NaOH, pH 6.5, with 1 mM dithiothreitol. After His tag removal, crystals were grown using the hanging drop vapor diffusion technique in which a drop consisting of 3 l of the protein solution and 1-3 l of reservoir solution (0.4 -0.8 M sodium malonate (25) , pH 5.6, containing 1 mM dithiothreitol) was equilibrated against reservoir solution at room temperature. Rod-shaped crystals grew in 1 week to maximal dimensions of 1.0 ϫ 0.35 ϫ 0.35 mm 3 and were flash-cooled after soaking them briefly in reservoir solution containing 25% glycerol. To obtain a complex with acarbose, a crystal was soaked for 30 min in 500 l of 0.8 M sodium malonate, pH 5.6, containing 5 mg/ml acarbose (Serva electrophoresis, Heidelberg, Germany) and then flash-cooled in the soaking solution containing 25% glycerol. A complex with acarbose and 4-deoxyglucose was obtained by soaking a crystal for 30 min in 0.8 M sodium malonate, pH 5.6, containing 5 mg/ml acarbose and 120 mg/ml 4-deoxyglucose (CMS Chemicals Ltd., Abingdon, UK), followed by cryoprotection in the same solution with 26% glycerol and flash-cooling in liquid nitrogen.
Data from a native crystal were recorded at the BW7B beam line of the European Molecular Biology Laboratory outstation at the German Synchrotron Research Center in Hamburg, Germany. Data from the acarbose-soaked crystal were collected at the ID14 -1 beam line of the European Synchrotron Radiation Facility in Grenoble, France. Data for the acarbose/4-deoxyglucose complex were obtained using CuK-␣ radiation from a Nonius FR591 rotating anode generator with Osmic mirrors, equipped with a MacScience DIP2030 image plate detector. All data were processed using DENZO and Scalepack (26) . Further calculations were performed with software from the CCP4 package (27) unless specified otherwise. Data collection parameters are reported in Table 1 .
Structure Solution: Native Structure at pH 5.6-The native structure at pH 5.6 was solved by molecular replacement with the program MolRep (28), using the native Th. aquaticus amylomaltase structure of Przylas et al. density after refinement with a non-covalently bound acarbose. To check the density for the covalent bond and to correctly identify the various acarbose residues, the Asp-293 carboxylate group as well as the acarbose 6-OH groups were omitted from the calculations (see "Materials and Methods"). Positive difference density is shown in green (3.5 ), negative density in red (Ϫ3.5 ). Covalent Intermediate Structure-A difference Fourier electron density map was calculated after brief refinement of the native structure at pH 5.6 against the data for the acarbose-soaked crystal. This showed clear difference electron density for sugar residues in the Ϫ1, Ϫ2, and Ϫ3 sites, with the residue in the Ϫ1 site covalently bound to Asp-293 (Fig.  1A) . To build as unbiased a model as possible, for the next round of refinement three residues of acarbose of which the 6-OH groups had been removed were placed in the density. The carboxylate moiety of Asp-293 was also removed, but the O 1 atom of the sugar residue in the Ϫ1 site was kept in its axial position. Difference Fourier maps calculated after refinement of this incomplete structure showed unambiguous difference density for the covalent bond between the Ϫ1 sugar residue and the side chain of Asp-293 (Fig. 1B) , as well as negative difference density for the axial O 1 , and allowed identification of the various acarbose residues by the presence or absence of density for a 6-OH group. The model could then be completed and refined using Refmac5 (29) .
Covalent Intermediate/4-Deoxyglucose Complex-The covalent intermediate model was briefly refined using Refmac5 against a dataset recorded from a crystal soaked in acarbose and 4-deoxyglucose, and double difference and difference electron density maps showed the presence of a sugar residue in the ϩ1 site (Fig. 1, C and D) . The structure of the complex could then be built and refined using Refmac5 (29) and Xfit (31) .
Throughout the refinement of all models, care was taken to use the same set of reflections for the calculation of the free R-factor in each case. Refinement statistics are reported in Table 1 . Refined structures and diffraction data were deposited in the PDB under accession codes 2OWW, 2OWC and 2OWX. However, in the pH 5.6 structure the protein adopts a more closed conformation ( Fig. 2A) . This difference, which is seen when comparing any of the structures presented here with the structures of Przylas et al. (22, 23) , can be described as being caused by a hinge-like movement around an axis running close to the catalytic nucleophile, Asp-293, mostly affecting the position of the "250s loop" (residues 247-255, see Refs. (11, 22, 23) ). Although the electron density for this loop is poor in the pH 5.6 structure, it is clear that because of the rearrangements in the 250s loop a sugar chain in the acceptor subsites would not be able to continue beyond the ϩ2 site. These considerations apply to all new structures reported here. A comparison of the Th. aquaticus enzyme with other crystal forms of the Th. thermophilus amylomal- 4 also showed that the core of the enzyme is rigid, whereas the surface loops are flexible.
RESULTS

Crystals of
N-Succinimide Residue at Position 370 -371-In every structure reported here, the residue at position 370, which was expected to be an aspartate, could not be satisfactorily modeled as such. 2mF o Ϫ DF c and F o Ϫ DF c electron density maps (32) showed that the side chain of Asp-370 had reacted with the main chain amine of Gly-371 to form a succinimide, which was included in the model as such (Fig. 3A) . Calculation of the electron density for the amylomaltase-acarbose complex structure of Przylas et al. (22, 23) using the deposited structure factors show that in that case, too, a succinimide was formed from these residues (Fig. 3B ) although this was, at the time, not modeled in the deposited structure. Such cyclic amides occur in protein backbones as intermediates in the deamidation of asparagines and in the chemical hydrolysis and rearrangement of the polypeptide chain at Asp/Asn residues. This relatively unusual form of post-translational modification has been observed before in crystal structures, e.g. in lysozyme (33) . Possibly, the formation of the observed cyclic amide in amylomaltase is accelerated by the high temperature step in the purification and may confer extra stability at the high temperatures at which Thermus amylomaltase is active in vivo.
Complex Structures-Soaking a Th. thermophilus amylomaltase crystal in acarbose resulted in a covalent intermediate bound to Asp-293 consisting of three sugar residues in the Ϫ1, Ϫ2, and Ϫ3 sites (Fig. 1, A and B) . The plane of the ester moiety connecting Asp-293 and the C 1 carbon atom of the Ϫ1 sugar is approximately perpendicular to the approximate plane of the Ϫ1 sugar ring, in contrast with the situation in the covalent intermediate of CGTase (15) where the two planes are nearly parallel. The catalytic acid/base Glu-340 is oriented away from the active site just as in the native structure at pH 5.6 and the acarbose structure of Przylas et al. (22) for Th. aquaticus amylomaltase. As expected, the third conserved acidic residue of the ␣-amylase family, Asp-395, forms hydrogen bonds with the 2-OH and 3-OH groups of the Ϫ1 sugar. A soaking experiment with both acarbose and 4-deoxyglucose resulted in formation of the covalent intermediate, with the ϩ1 site occupied by a 4-deoxyglucose molecule in close proximity to the covalent bond between enzyme and sugar and hydrogen bonded to the Gln-256 side chain. (Figs. 1, C and D, and 2B ).
DISCUSSION
Reason for the Formation of the Covalent Intermediate-The observation of a covalent intermediate upon soaking native amylomaltase crystals at pH 5.6 with acarbose was unexpected. Prior structure determinations of covalent intermediates have made use of mutation of the acid/base to impair breakdown of the covalent adduct and of a chemically activated pseudo-substrate like a fluorinated (oligo)saccharide to enable covalent bonding to the nucleophile despite the absence of the acid/base catalyst. In the present case, however, a stable covalent intermediate was obtained without either chemical activation or mutation of any residue. To explain this, the following sequence of events could be imagined. First, acarbose binds in sites Ϫ3 to ϩ1, as in the complex structure of Przylas et al. (22) . Because the active site residues are all present, the tetrasaccharide is cleaved, leaving a covalent intermediate in sites Ϫ3 to Ϫ1 while the glucose residue in site ϩ1 diffuses away. To break down this intermediate, only three possibilities exist. First, it could be attacked by a glucose molecule generated by the first half reaction. This is, however, very unlikely, given the volumes and amount of protein that were used; a single protein crystal was soaked in 500 l of solution, which would lead to a very low concentration of produced glucose (ϳ1 M). Moreover, the experiment was performed at room temperature, whereas this is an enzyme from a thermophilic organism. This may have slowed down the reaction and contributed to the accumulation of the covalent intermediate.
Second, the intermediate could be attacked by the 4-OH group of another acarbose molecule. Given the acarbose concentration used (ϳ7.5 mM), this may appear more likely but, in fact, is impossible in this crystal form because the hinging movement has brought the 250s loop in a position precluding the binding of a long acceptor beyond subsite ϩ2. The third possibility would be attack by water, but this is very rare in amylomaltases, as will be explained below. Thus, we thank the kinetics of the experiment, the crystal form, and the properties of the enzyme for the unexpected accumulation of the covalent intermediate in the crystals despite a native active site.
Structural Changes during the Reaction Cycle-The available structures allow a detailed view of the changes in conformation of the different reaction partners as they go through the catalytic cycle (Fig. 4) . The first structure (Fig. 4A) is the empty active site of amylomaltase at pH 5.6. The nucleophilic Asp-293 side chain points away from the active site into the protein where it hydrogen bonds to Asp-213. In this position, the nucleophile is unable to react with the substrate. In contrast, in the Th. aquaticus pH 7.5 structure of Przylas et al. (23) Asp-293 points into the active site, toward the Ϫ1 site, as expected for a catalytically competent conformation, showing that this residue can adopt at least two different conformations.
The next state along the reaction coordinate is the structure of the Michaelis complex with a substrate. Although such a structure has not yet been solved, the acarbose complex structure reported by Przylas et al. (22) (Fig. 4B) can serve as a model for this state. In this complex, the nucleophilic Asp-293 is in the same catalytically incompetent orientation, hydrogen bonded to Asp-213, as in our pH 5.6 amylomaltase structure. At the time, this was attributed to the high pH of the soaking experiment (pH 9.0), but the pH 5.6 native structure shows that this conformational state can also be populated close to the pH optimum.
Reaction of the enzyme with the substrate leads to the next structure, a covalent intermediate with the leaving group saccharide still in the ϩ1 site, which is represented by the covalent intermediate-4-deoxyglucose complex (Fig. 4C) . Upon formation of the covalent intermediate, the ␣-glycosidic bond between the sugar residues in the Ϫ1 and ϩ1 sites is replaced by a ␤-glycosidic bond to Asp-293 via the O ␦1 atom of this residue. To enable formation of this bond from the state in which Asp-293 points into the active site, a rotation around the C ␤ -C ␥ bond has to occur, bringing the C ␣ -C ␤ -C ␥ -O ␦1 torsion angle from 60°to 168°. From the conformation in which Asp-293 is hydrogen bonded to Asp-213 and points away from the active site a rotation about the C ␣ -C ␤ bond would be required as well. Notably, in the covalent intermediate, the plane of the Asp-293 carboxylate group is more or less perpendicular to the plane of the covalently bound Ϫ1 sugar (Fig. 4C) .
A superimposition of the structure of the amylomaltaseacarbose complex (22) with that of the covalent intermediate-4-deoxyglucose complex (Fig. 5) shows that the oligosaccharide in subsite Ϫ1 has to move ϳ1 Å toward Asp-293 to form the covalent intermediate. In the covalent intermediate, the Ϫ1 sugar residue has a low energy 4 C 1 chair conformation (34) as was observed for CGTase (15) . Furthermore, compared with the ϩ1 sugar in the acarbose complex the 4-deoxyglucose has rotated by an estimated 20°in the plane of its ring (Fig. 5) . However, because the axial C 1 -O 1 bond still points in approximately the same direction, this would have few consequences for the continuation of a sugar chain toward the ϩ2 substrate binding subsite and beyond.
This rotation of the ϩ1 sugar seems correlated with the perpendicular conformation of the ester bond with respect to the Ϫ1 sugar plane. Without this rotation, the ϩ1 sugar would collide with the Asp-293 O ␦2 (see Fig. 5.) . Indeed, the perpendicular orientation of the ester bond seems to shield the anomeric C 1 carbon atom of the covalent intermediate from attack by a nucleophile, both sterically and through charge-charge repulsion, as the O ␦2 has a partially negative charge. Thus, the perpendicular orientation could contribute to the stabilization of the covalent intermediate.
The rotation of the sugar in the ϩ1 site also has consequences for its interaction with the protein, most notably for the interactions with the strictly conserved Gln-256. In the acarbose complex, the ϩ1 sugar contacts Gln-256 only with its O 6 hydroxyl group, whereas in the covalent intermediate-4-deoxyglucose complex both the O 6 and the O 5 are hydrogen bonded to the Gln-256 side chain. Thus, the results show that Gln-256 serves to orient a leaving group (or an incoming acceptor, by microscopic reversibility). Indeed, Kaper et al. 4 have found that the Q256N substitution especially decreases the disproportionation activity of amylomaltase with small substrates, which is consistent with a role of Gln-256 in interacting specifically with the ϩ1 monosaccharide.
The next structure is the covalent intermediate structure (Fig. 4D ) in which the ϩ1 and ϩ2 acceptor sites are empty. In the canonical amylomaltase reaction mechanism, the covalent intermediate would then be attacked by an incoming acceptor molecule through a state as represented by the 4-deoxyglucose-bound structure shown in Fig. 4C . As explained above, Gln-256 binds the incoming acceptor, orienting it for attack on the C 1 carbon atom of the covalent intermediate. Possibly, its approach could push Asp-293 out of its "perpendicular" conformation into a conformation with its carboxylate plane more parallel to the Ϫ1 sugar ring, perhaps allowing it to bind to the neighboring Arg-291 as in CGTase (15) .
Intriguingly, in all of the available structures the acid/base catalyst Glu-340 is hydrogen bonded to the loop containing Asp-293. Thus, as pointed out before, this residue is in a catalytically incompetent conformation as its carboxylate oxygen atoms are Ͼ4 Å from the glycosidic oxygen atom that Glu-340 should protonate in the cleavage step (22) . It may be that Glu-340 only assumes its catalytic conformation upon binding of an efficacious acceptor, and this may explain why 4-deoxyglucose, which lacks the oxygen that is to be deprotonated in the deglycosylation step, does not trigger the productive conformation of the Glu-340 side chain.
In its incompetent conformation, one of the Glu-340 carboxylate oxygens is at only 3 Å distance from the Asp-293 O ␦2 . The proposed conformational change of Asp-293 mentioned above would lead to loss of this interaction, possibly helping Glu-340 to leave its "incompetent" conformation, allowing it to abstract a proton from the 4-OH group of the acceptor. This could be a focal point of further research on glycoside hydrolase 77 enzymes.
Ultimately, all this results in the formation of a new glycosidic bond as in Fig. 4B , the acarbose complex. After transglycosylation the newly made sugar chain diffuses away, leaving behind an empty, regenerated active site as in panel A. As an alternative to the formation of a new glycosidic bond, the covalent intermediate may be attacked by a water molecule. However, in the specific case of the Thermus enzyme, water is 5000 times less likely to serve as acceptor than maltotriose 4 , whereas the covalent intermediates in ␣-amylases are much more prone to hydrolysis. The covalent intermediate structure presented here provides detailed insight into the cause of the very low hydrolytic activity of amylomaltases. In the canonical mechanism for the hydrolysis of the covalent intermediate in ␣-amylases, a water molecule activated by the catalytic acid/ base attacks the C1 carbon atom of the sugar covalently bound to the nucleophile. In contrast, in amylomaltase, the catalytic acid/base Glu-340 is oriented away from the Ϫ1 site such that it is unable to activate a water molecule that could attack the C 1 carbon atom of the covalent intermediate. The unproductive positioning of the catalytic base is thus one obvious explanation for the low hydrolysis rate of amylomaltase.
Conclusions-The amylomaltase structures clarify the role of the conserved Gln-256 as necessary for the correct orientation of an acceptor residue in the ϩ1 subsite. Furthermore, glycosyl transfer in ␣-amylase-type enzymes benefits from a stabilized covalent intermediate, because this intermediate must be protected from nucleophiles other than the desired acceptor, such as water. The structures presented here show three ways in which amylomaltase stabilizes its covalent intermediate. Finally, third, the plane of the ester bond between nucleophile and sugar is perpendicular to the plane of the sugar ring, which could serve to make the C 1 atom less accessible to an incoming nucleophile because of steric hindrance and charge repulsion by the partially negative O ␦2 . These three means of stabilization may also apply to related transglycosylases from glycoside hydrolase families 13, 70, and 77.
